The oxophilicity of silicon allows the efficient protection of a range of hydroxyfunctionalities using either N,Obis(trimethylsilyl)acetamide (BSA) or N,N-bis(trimethylsilyl)urea (BSU). Three distinct mechanistic pathways are proposed for the reactions of the reagents which explain the mild reaction conditions that can be used to achieve a number of important synthetic transformations. The reactions include examples where improved stereochemical control results from the use of BSA.
Introduction
The use of silicon based reagents in connection with the protection of a variety of functional groups, in the activation or modification of other functionalities, or as reagents in their own right is well established and a number of reviews exist. 1 The uses of N,O-bis(trimethylsilyl)acetamide (BSA) (1) and N,N-bis(trimethylsilyl)urea (BSU) (2) are mentioned in the reviews but only brief summaries of the use of these versatile reagents have appeared previously.
2, 3 Although most of the early applications of the use of BSA, 2a,b and to a lesser extent bis(trimethylsilyl)urea (BSU) 3 were concerned with preparing volatile trimethylsilyl derivatives that could be used in gas chromatographic analysis, the majority of the recent applications have concentrated on the use of the reagents in synthetic operations. Both BSA and BSU function as powerful reagents for the introduction of trimethylsilyl groups for the protection of heteroatoms, particularly oxygen and nitrogen. The ease of removal of the trimethylsilyl residue when the protective group is no longer required has made the use of trimethylsilyl protection particularly attractive. 1 However, perhaps the most important advances have been concerned with stereoselective reactions, especially those involving metal catalysed enantioselective substitution reactions of allylic esters.
It is clear that both BSA and BSU can also be used as mild bases. So we can consider the reactions of the reagents as proton scavengers that generate, in addition to a trimethylsilyl derivative, an anion that may or may not be trimethylsilylated together with a byproduct, N-trimethylsilylacetamide, acetamide, or urea. The byproducts do not normally provide a problem either during a synthetic operation or during the workup of reaction mixtures. Additionally, in the case of BSA the reagent has been shown to function as a nucleophile in reactions with soft electrophiles. The mechanism or mechanisms by which the reactions proceed is of interest to the practitioner of organic synthesis since that information allows predictions to be made concerning potential synthetic reactions. One or both of the trimethylsilyl residues can be utilised but in the case of BSA the O-trimethylsilyl group is removed first and N-trimethylsilylacetamide is frequently isolated from reaction mixtures. The values for the pKa's of alcohols and amides are similar 4 and these data allow us to come to informed conclusions about the ways in which BSA and BSU may function, although no data are readily available for imidates. In the case of reactions with relatively strong protic acids it is possible that the reactions are electrophile induced. Protonation on nitrogen rather than on oxygen may be the first step in the reaction sequence as shown in Scheme 1. However, with weaker acids such as dimethyl malonate (pK a = 13), base catalysis provides an alternative mechanism. In those cases it is likely that it is the nucleophile induced removal of the trimethylsilyl residue from oxygen that triggers the deprotonation step as shown in Scheme 2. With b-dicarbonyl compounds such as pentane-2,4-dione (pK a = 9) and b-oxo esters (pK a 's = ca. 11) there is evidence that BSA first converts the compounds into trimethylsilylenol ethers and the nucleophile would then be generated in a controlled desilylation step at a later stage, for example by acetate ion. Finally, in the case of reactions with soft carbon electrophiles there is evidence that direct reactions can occur that initially result in the formation of iminium ion intermediates as outlined in Scheme 3.
The Preparation and Structures of Bis(trimethy 1-silyl)acetamide and Bis(trimethylsilyl)urea and Related Compounds
The trimethylsilylation of acetamide takes place in two stages: the reaction of acetamide with chlorotrimethylsilane (1 mole) in the presence of triethylamine results in the formation of N-trimethylsilylacetamide 5 whereas bis(trimethylsilyl)acetamide is formed using a large excess of chlorotrimethylsilane and triethylamine.
6 Bis(trimethylsilyl)urea is formed in 98% yield by heating urea (0.5 mole) with bis(trimethylsilyl)amine. 7a A high yield large scale preparation of BSU is also available by heating urea with hexamethyldisilazane and a catalytic amount of chlorotrimethylsilane. 7b BSA has been formulated as the N,N-bis(trimethylsilyl)acetamide as well as in the imidate form. However, nuclear magnetic resonance spectra ( 13 C, 29 Si, 14 N, 15 N, and 17 O) of a number of silylamide derivatives have been investigated and the results allow an unambiguous assignment of their structures. 8 Whereas BSA is seen to exist in the imidate form, some others, for example bis(trimethylsilyl)formamide and BSU, exist in the N,N-bis(trimethylsilyl) form and the product obtained by the interaction of bis-1,2-(chlorodimethylsilyl)ethane with BSA is also clearly in the alternative form. In the case of N-trimethylsilylacetamide the rate of the exchange reaction to the Otrimethylsilyl form was shown to be independent of concentration and, by analysis of the variable temperature 15 9 Trimethylsilyl derivatives of hydroxamic acids are formed in reactions using hexamethyldisilazane and are similar in structure to BSA. 10 It is clear that N-trimethylsilylacetamide is at a lower energy than the O-trimethylsilyl form but it is also well established that silicon reagents are strongly oxophilic rather than being azaphilic. The most likely explanation for the isolation of N-trimethylsilylacetamide as the mono-trimethylsilyl product is that, as might have been predicted, O-trimethylsilylation occurs but that the imidate form rearranges rapidly to the stable amide form.
The Protection of Functional Groups
Early reports of the use of bis(trimethylsilyl)acetamide (BSA) concentrated on the preparation of derivatives of a number of functional group types in order to facilitate chromatographic or mass spectrometric analysis and the quantitative trimethylsilylation of hydroxyl groups has been reported using an excess of N-trimethylsily]acetamide. The trimethylsilylation of amides, ureas, amino acids and dipeptides, carboxylic acids, enols and hindered phenols were reported under mild reaction conditions, 6a,b and perdeuteriotrimethylsilylation has also been used in mass spectrometric analysis using [ 2 H 18 ]BSA. 6c In addition, although 1,3-dihydroxyadamantane was not converted into the bis(trimethylsilyl) derivative effectively using hexamethyldisilazane and chlorotrimethylsilane, an alternative approach using an excess of BSA was efficient. 11 A number of sugars have been fully trimethylsilylated at elevated temperatures, for example glucose gave the pentakis derivative in a 98% yield in 15 min. at 180°C. 12 Sometimes, as in the case of benzyl alcohol, the reactions proceed rapidly even at room temperature. 12 The efficient bis-silylation of diols has also been achieved using one molar equivalent of BSA and half an equivalent of potassium hydride. 13 In this protocol it is envisaged that the first formed alcoholate ion receives the O-trimethylsilyl group from BSA to form the N-trimethylsilylacetamide anion which is a strong enough base to cause the deprotonation of the stable monotrimethylsilylated diol and hence affords the bis(trimethylsilyl) ether by removal of the second trimethylsilyl group from N-trimethylsilylacetamide. This process is similar to that suggested in Scheme 2. ]decane (210 mg, 1.07 mmol, 1 equiv) in THF (11 mL) was added at 0°C under an atmosphere of N 2 . After stirring for 1 h BSA (239 mg, 1.18 mmol, 1.1 equiv) was added and the stirring was continued for 70 h. The mixture was then filtered through Celite and washed with Et 2 O. The filtrate was concentrated in vacuo and the residue chromatographed on silica gel (EtOAc : hexanes, 1:9) to give the product as a colourless oil (301 mg, 85%).
Substituted ureas are converted easily into their monosilylated derivatives but because of the lone electron pair involvement the formation of an N,N¢-bis(trimethylsilyl) derivative is more difficult. Bis(trimethylsilyl)urea (BSU) is evidently close in energy to BSA. BSU in dichloromethane has also been shown to be a useful silylating agent that gives high yields for hydroxyl groups present in phenols, primary, secondary, and tertiary alcohols, and carboxylic acids, 14a and both trimethylsilyl residues are replaced when BSU is allowed to interact with trifluoroacetyl chloride.
14b
A major advantage of the use of BSU as a trimethylsilylating agent is that the byproduct (urea) is virtually insoluble in dichloromethane and can be removed by filtration. We noted above that the replacement of the second hydrogen atom in acetamide that results in the formation of the O-trimethylsilyl group in BSA is more difficult than the replacement of the first hydrogen atom. So the O-trimethylsilyl residue in BSA is more easily replaced than the second trimethylsilyl group. However, in many reactions both of the trimethylsilyl residues in BSA and BSU are sufficiently reactive and are utilised. In the case of reactions involving BSA removal of excess solvents and replacement by light petroleum, in which acetamide is essentially insoluble, facilitates the isolation of the trimethylsilylated derivatives. One of the early reported uses of BSA involved the conversion of N-haloamides into the Nhaloimidic trimethylsilyl esters, for example N-chloroacetamide into N-chloroacetimidic trimethylsilyl ester. 15 Part per billion traces of environmentally important phenols and carboxylic acids in water have been determined by concentration using macroreticular resins and subsequent derivatisation using BSA before gas chromatography. 16 The protection of phenols were among the first examples of the use of BSA, including the trimethylsilylation of 2,6-di-t-butylphenol. 6b 2,6-Di-t-butyl-4-vinylphenol has been protected with BSA and then polymerised by both cationic and free radical initiators before Iiberating the free phenolic groups by cleavage with a protic acid. 17 A number of calixarene trimethylsilyl ethers have been prepared from the phenols using BSA. 18 Calix [4] arene has been converted into a mixture of tris-and tetrakis(trimethylsilyl) ethers by heating the phenol with BSA in acetonitrile. 19 It has been claimed that trimethylsilyation of trichothecines prior to gas chromatography is best achieved by using bis(trimethylsilyl)trifluoroacetamide (BSTFA) rather than BSA. 
The Protection of Hydroxyl Groups
The first example of the use of the trimethylsilyl group for the protection of a sterically hindered hydroxyl group involved a 14-hydroxy steroid which was treated with The Use of Bis(trimethylsilyl)acetamide and Bis(trimethylsilyl)urea for Protection and as Control Reagents in Synthesis bis(trimethylsilyl)acetamide in DMF at 78 °C. 21 Since that time a wide variety of alcohols have been protected using BSA. The products from the enantioselective hydroboration-oxidation of N-benzyloxycarbonyl-1,2,3,6-tetrahydropyridine were converted into their trimethylsilyl ethers (TMS ethers) in order to allow isolation by gas chromatography. 22 The osmylation of unsaturated ester components of insect pheromones, followed by a reductive workup and silylation with BSA, has been used in order to allow their identification using gas chromatography/mass spectrometry. 23 Bis(trimethylsilylation) using BSA has also been shown to be the most convenient method for the protection of a range of biologically important dihydroarenediols prior to characterisation using gas chromatography/mass spectrometry. 24 High yields have been reported with other secondary alcohols using BSA, 25 including the example shown in Scheme 4. 26 The method has also been used as part of a study of double stereodifferentiation reactions to effect the trimethylsilylation of the aldol product shown in Scheme 5. 27 The reaction of BSU with the hydrogen peroxide-urea complex provides a very convenient high yield route to bis(trimethylsilyl)peroxide as shown in Scheme 6. 28 The whole of the volatile material is evaporatively distilled using a splash head. The receiver is cooled in a dry ice trap and the pressure is gradually reduced using a mechanical pump. The temperature of the oil bath is raised to 80°C and held at this temperature for 1 h. The distillate (together with anything in the traps of the pump) is redistilled at atmospheric pressure through a 30 cm Vigreux column and about 270 mL of solvent is collected. The residue is transferred to a smaller flask and distilled through a short column at reduced pressure to yield 76.5 g (86%) of product distilling at 35°C and 35 mm pressure. The amount of urea remaining in the reaction vessel is 62.5 g. An alternative simpler procedure of filtration and distillation leads to losses due to the product occluding with urea dissolved in the peroxide solution.
Bis(trimethylsilyl)acetamide has also been used to provide temporary protection of hydroxyl (and carboxyl) functionality in a number of coupling reactions involved in the preparation of cephalosporins and penicillins as shown in Scheme 7. 30 Moharem T. El Gihani, Harry Heaney SYNTHESIS 360 Scheme 5
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Bis(trimethylsilyl)peroxide: 28 Although the hydrogen peroxide-urea complex is reported to be very stable 29 it is recommended that a blast shield is used in the following preparation. Bis(trimethylsilyl)urea (102.2 g, 0.5 mole) and finely powdered urea-hydrogen peroxide complex (45 g, 0.5 mole) are suspended in CH 2 Cl 2 (300 mL) and heated under reflux for 12 h with magnetic stirring and under N 2 . The mixture changes during the course of the reaction from a freely stirring suspension to a thick creamy mixture.
The protection of nucleoside hydroxyl groups prior to reduction using tributyltin hydride-AIBN has also been reported, 31 and the same method has been used in connection with nucleoside coupling reactions. 32 Transglycosylation catalysed by trimethylsilyl triflate has been carried out on trimethylsilyl protected nucleosides [Scheme 8], in which the prior protection and recycling of the catalyst was effected using BSA. 33 In the case of 6-oxopurineribonucleoside synthesis the 7-b-isomer is first formed and eventually affords the 9-b-isomer, presumably by way of the 7,9-diribonucleoside. 34 It has also been shown that BSA causes the debromination of some purine nucleosides in the presence of potassium fluoride and a crown ether.
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Scheme 4
The preparation of 2-methyl-2-trimethylsilyloxynonadecane has also been achieved in an 84% yield using a combination of BSA, chlorotrimethylsilane, and TMSimidazole. 36 2-Methyl-2-trimethylsilyloxypentan-3-one, a prototype for a series of compounds that are valuable intermediates used in a study of diastereoselective aldol reactions, can be prepared in good yield using BSA. 37 Even highly hindered silanols react with BSA as indicated in Scheme 9. 38 1,1,3,3-tetrabromoacetone results in the formation of the tribromo-cycloadduct whereas the older procedure gave the dibromo-cycloadducts.
9,10-Dihydro-9-(methoxymethyl)-9,10-(1¢ ¢,3¢ ¢-dimethyl-2¢ ¢-oxopropano)anthracene: 43 A mixture of Zn (350 mg, 5.4 mmol)and CuCl (55 mg, 0.55 mmol) was sonicated in a minimum amount of dry benzene at ca. 10°C in a three necked flask fitted with two separate dropping funnels. A mixture of 2,4-dibromopentan-3-one (660 mg, 2.7 mmol)and BSA (280 mg, 1.4 mmol) in dry benzene (10 mL) (from one dropping funnel) and a solution of 9-(methoxymethyl)anthracene (300 mg, 1.35 mmol) in dry benzene (10 mL) (from the other dropping funnel) were added slowly at the same rate over 20 min. The mixture was sonicated for a further 5 h and kept at r.t. for ca. 12 h with stirring. Workup and chromatography on silica gel, eluting with Et 2 O-cyclohexane (1:8), gave impure adducts (100 mg, 24%) and paper chromatography gave the mixture of pure adducts.
The conversion of b-dicarbonyl compounds into trimethylsilyloxy derivatives of buta-1,3-diene can be achieved using zinc chloride, chlorotrimethylsilane and triethylamine in benzene. However, much higher yields are obtained when using BSA in diethyl ether or benzene at r.t.
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It is of interest to note that BSA has been used to reduce the influence of free hydroxyl groups on surfaces. Difficult Diels-Alder reactions that require high temperatures and are carried out in sealed glass tubes, may suffer from decomposition of the diene on the surface of the glass. Silylation with BSA is then worth investigating. 39 It has also been shown that the charcoal carrier for tungstic acid-tributyltin chloride which is used in the catalysed hydrogen peroxide epoxidation of alkenes is improved by treatment with BSA. The decomposition of the hydrogen peroxide that is catalysed by surface hydroxyl groups is then less troublesome. 40 
The Formation of Trimethylsilyl Enol Ethers
The silylation of enolisable aldehydes and ketones has been carried out using BSA in hexamethylphosphoramide (HMPA) in the presence of very small amounts of metallic sodium. The method is highly regio-and stereoselective giving the Z-isomer that results from kinetic control, 41 as has also been shown in the formation of trimethylsilyltrienol ethers.
41b With more easily enolised compounds such as b-diketones and b-oxo esters the reaction proceeds readily in the absence of other additives. In the case of the reaction of BSA with oxindole [Scheme 10] the ease with which bis(trimethylsilylation) occurs is evidently related to the gain in resonance energy on silylation at oxygen.
6b
Although glutaconic anhydride does undergo Diels-Alder reactions the yields obtained are poor whereas using a "fixed" a-pyrone the yields are significantly better. The conversion of glutaconic anhydride into the silylated apyrone [Scheme 11] was achieved in very high yield using BSA. 42 The product is a very useful Diels-Alder diene. A new route to oxyallyl cations involves a combination of BSA and a zinc copper couple in benzene. 43 The reaction sequence evidently involves the formation of the trimethylsilyl enol ether as shown in Scheme 12. Cycloaddition reactions with anthracene and substituted derivatives can be carried out in moderate to good yields, exemplified in Scheme 13. We may note that the new method using
The dienes shown were used in a synthesis of laccaic acid D as outlined in Scheme 14. 44 Other electron rich dienes have also been prepared and used in Diels-Alder syntheses of highly functionalised naturally occurring anthraquinones such as ceroalbolinic acid 45 and xantholaccaic acid. 46 bond is very weak the free amino acid can be isolated after treatment with water. Another important feature is that no racemisation was observed. 50 The use of BSA and BSU in peptide coupling reactions has been reported, 51 including examples where hydroxy amino acids are involved. 52 A coupling reaction involved in a total synthesis of the immuno-stimulating peptide FK156 also involved the formation of a peptide TMS ester. 53 Electrophilic chlorination has been observed in a number of cases where the Swern oxidation of secondary alcohols has been conducted in the presence of an excess of oxalyl chloride. 54 In the example shown in Scheme 16 the b-hydroxy acid was treated with BSA to protect the carboxyl group and an aqueous acidic workup followed by mild warming to effect decarboxylation gave the product shown. It may be assumed that the intermediate b-oxo ester was converted into related enol or its trimethylsilyl ether which was the substrate that was chlorinated. The chlorination was avoided when the reaction was carried out using a stoichiometric amount of oxalyl chloride. Silyl mediated oxidation with DDQ has been carried out in the presence of an excess (4 mol) of BSTFA. 47 In a related method using BSA, the silylation of the enol form of the cyclohexenone derivative together with dehydrogenation, shown in Scheme 15, has been used as a key step in the stereoselective synthesis of precursors of the robustadials. 48 
The Protection of Carboxyl Groups
As with hydroxy compounds, the conversion of carboxyl groups into their trimethylsilyl derivatives is valuable in connection with gas chromatography/mass spectrometry. The method has been used, for example in assaying a perhydroindole ACE inhibitor. 49 Amino acid hydrohalides are silylated in almost quantitative yields by treatment with BSA in THF at room temperature. Other methods require higher temperatures. Because the nitrogen-silicon
The trimethylsilylation of E-3-bromoacrylic acid proceeds in good yield, shown in Scheme 17, and has been used in conjunction with a protected alanyl anion in the synthesis of an unsaturated a-amino acid. 55 The bis(trimethylsilyl) ester of squaric acid, formed using BSA, as shown in Scheme 18, has been shown to be in dynamic equilibrium. That the trimethylsilyl groups undergo rapid intermolecular migration was established by crossover experiments. The 13 C nmr signals coalesce at 83°C and re-emerge as a singlet at 170°C from which an activation energy of 16.9 kcal · mol -1 was calculated. 
Reactions Involving Nitrogen Functions
The protection and activation of a number of nitrogen functional groups has been achieved using BSA; for example in the silylation of aziridines. 57 The treatment of primary and secondary amines with BSA and then with a chloroformate gives good yields of carbamates. 58 This method should be compared with an alternative method where sodium carbonate was used as an acid scavenger.
The preparation of substituted ethanolamine derivatives is important in connection with the synthesis of a range of pharmacologically active compounds. In principle they can be made by the interaction of primary amines with epoxides. However, with unsymmetrical epoxides the reactions show low regioselectivity and in addition the resulting ethanolamine derivatives sometimes react with a second equivalent of the epoxide. The use of BSA, BSU, and N-trimethylsilylacetamide has been reported to give improved yields and a reduction in the amounts of byproducts in reactions of primary amines with aryloxiranes as exemplified in Scheme 19. 59 The N-trimethylsilylamines are generated in situ before the addition of the aryloxiranes.
The increased volatility on silylation of pyrimido [4,5-i] imidazo [4,5-g] cinnoline has been investigated in connection with flash vacuum pyrolysis studies. 63 It has been reported that dihydropyrimidines and dihydro-s-triazenes were dehydrogenated under vigorous trimethylsilylation conditions. 64 Apparently the reaction does not proceed in the absence of oxygen or in the presence of free radical inhibitors. Aromatic isocyanates react with BSA to give silylated azauracils as shown in Scheme 22; they are desilyated on treatment with ethanol. 65 We may also note that BSA and other bis(trimethylsilyl)amides are converted into nitriles in high yields by treatment with tetrabutylammonium fluoride, Lewis acids, or iron phthalocyanine, 66 and a range of bis(trimethylsilyl)amides react with phosgene to form acyl isocyanates. 67 Arenesulfonylacetonitriles undergo carbon-carbon coupling reactions when heated in BSA at 120-140°C. 68 April 1998
The The conversion of the guanine derivative into the bis(trimethylsilyl) derivative and the trimethylsilyl triflate nucleoside coupling reaction [Scheme 20] formed part of a synthesis of AzddMAP. 60 Similarly, the conversion of sulfoximines into their TMS derivatives, prior to deprotonation and reaction with a range of electrophiles, can be carried out in almost quantitative yields using BSA. 61 The preparation of the 1,3,4-oxadiazoline shown in Scheme 21 was achieved in 60-65% yield. 62 A range of silylnitronates has been prepared using BSA or the trifluoro-analogue (BSTFA). 69 The products, exemplified in Scheme 23, are useful intermediates for the synthesis of isoxazolidines.
69b On the other hand other workers have found that a more efficient and more general way of preparing silylnitronates involves deprotonating a nitroalkane using LDA in THF and then reacting the anion with an appropriate alkylsilyl chloride. This latter method also allowed t-butyldimethylsilyl derivatives to be prepared. 
The Control of Protic Acids
There are a number of examples where protic acids have been shown to have a deleterious effect on reactions and also examples where partial or complete control is advantageous. The ring expansion reactions of benzylpenicillin sulfoxides to the related cephalosporanic acid derivatives were originally carried out using p-toluenesulfonic acid.
But although the yields were better when using acetic anhydride, further significant improvements to the yields were obtained when using silylating agents such as BSA or BSU. On an industrial scale the preferred reagents are BSU or N-trimethylsilylacetamide. The reactions proceed via sulfenic acid intermediates which then undergo ring closure with the loss of water. The stable trimethylsilyl sulfenate ester shown in Scheme 24 has been isolated. 71 A related silicon induced Pummerer-type reaction has been used in the highly diastereoselective synthesis of chiral, non-racemic unsymmetrical thioacetals. 74 As shown in Scheme 27 treatment of the syn-derivative with ethanethiol and BSA in the presence of a catalytic amount of trimethylsilyl triflate gave predominantly the anti-diastereomer.
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Scheme 29 Scheme 26 The analogous rearrangement shown in Scheme 25 was originally studied using protection of the carboxyl function as the trimethylsilyl ester and protic acid catalysis. 72 Chlorotrimethylsilane was initially used to act both to protect the carboxyl group and also to generate the hydrogen chloride required as a catalyst. Improvements were achieved using BSA. We may note that BSA and BSU are also excellent drying agents and are converted by water into hexamethyldisiloxane and acetamide and urea respectively. An excess of silylating agent is required since water is produced during the rearrangement and the best results were obtained by using ca. a three molar excess of BSA together with a-picoline (2-methylpyridine) and its hydrobromide.
The reductive rearrangements of penicillin G 1-oxide to thiazoline azetidinone derivatives in large scale reactions have been reported using BSU and tributyl phosphite and evidently proceed by a similar ring-opening sequence. 73 Reduction of the sulfenic acid derivative and cyclisation-dehydration would give the isolated product shown in Scheme 26.
The use of BSA as a proton scavenger has been performed with advantage in the preparation of the eight-membered oxygen heterocycles that are present in a number of marine natural products. Moderate yields were obtained by Lewis acid promoted acetal-alkene cyclisations in the presence of BSA as shown in Scheme 28.
75
The same principle has been used to control Friedel-Crafts alkylation reactions involving, for example methyl chloromethoxyacetate and N-methylindole. 76 In the absence of BSA a considerable amount of the indole derivative was converted into its dimer which was isolated in 32% yield, while the major product (68%) was methyl bis(1-methyl-3-indolyl)acetate. In the presence of BSA the formation of the dimer was suppressed and the initial product, methyl 1-methyl-3-indolyl-a-methoxyacetate, was isolated in a 90% yield as shown in Scheme 29. Control in the related highly diastereoselective alkylation of 1-methylindole using chiral pyrrole derivatives, for example as shown in Scheme 30, was achieved in a better yield when using BSA. 77 Use has also been made of the oxophilicity of silicon, as compared to the azaphilicity of protons, in Mannich reactions of bis(aminol ethers) with heterocycles such as 2-methylfuran where a proton is liberated during the reaction. 78 The bis(methoxymethyl) derivative from t-butylamine gave an iminium salt when treated with hydrogen chloride in diethyl ether. In duplicate reactions of 2-methylfuran with the iminium salt, one was treated with BSA while the other, in the absence of BSA, was worked up using Hünig's base and gave the expected secondary amine in 80% yield after hydrolysis. In the first reaction it is clear that the BSA reacted with the hydrogen chloride that was produced during the reaction to form chlorotrimethylsilane which then gave a second iminium ion and the product shown in Scheme 31. In the absence of BSA the liberated acid evidently protonated the nitrogen in the initial product and so did not give rise to the second iminium species.
and an alkoxycarbenium ion generated from an acetal, are capable of allowing regiochemical control and high diastereoselectivity, 80 and in the example shown in Scheme 32 77b the isolated yields and diastereoselectivities were, within experimental error, identical to those reported previously. Although trimethylsilyl fluorosulfonate has been known for some time, it is only recently that it has been generated by the interaction of fluorosulfuric acid with either tetramethylsilane or allyltrimethylsilane and used in catalytic reactions similar to those using trimethylsilyl triflate. 81 It was also shown that a variety of reactions could be carried out by catalytic amounts of trimethylsilyl fluorosulfonate, generated by the interaction of fluorosulfuric acid with either BSA or BSU. 82 The range of reactions included the silyl modified Sakurai reaction 83 and is exemplified in Scheme 33. There are a number of ways in which trimethylsilyl triflate can be prepared. These include the reaction between triflic acid and N-trimethylsilyl-1,3-oxazolidin-2-one which has been shown to afford trimethylsilyl triflate in a high yield. 79a On the other hand the reaction of BSA with triflic acid gave only a 43% yield of trimethylsilyl triflate. 79b However, despite that finding it has been shown that in situ catalytic reactions involving trimethylsilyl triflate 77b can be carried out in high yields when a catalytic amount of triflic acid is added to BSA or BSU. Directed aldol reactions, for example between an enol trimethylsilyl ether
1-Benzyloxy-1-phenylbut-3-ene:
77b Triflic acid (75 mg, 0.5 mmol) was added to a stirred solution of BSA (203 mg, 1 mmol) in CCl 4 (30 mL). The mixture was stirred for 15 min and then benzaldehyde (318 mg, 3 mmol), allyltrimethylsilane (343 mg, 3 mmol), and benzyloxytrimethylsilane (541 mg, 3 mmol) were added dropwise. The mixture was quenched after 30 min by the addition of sat. aq NaHCO 3 (25 mL). The aqueous layer was extracted into CH 2 Cl 2 (3 ´30 mL) and the combined organic layers were dried (MgSO 4 ), filtered, evaporated, and purified by flash chromatography on silica gel, eluting with light petroleum (bp 40-60°C)-Et 2 O (9.5 : 0.5), to give the product as a colourless oil (641 mg, 90%).
The coupling of acid chlorides with an acylphosphoranylidene such as t-butyl (triphenylphosphoranylidene)acetate has been reported to give phosphorus ylides that are stabilised by two carbonyl groups. 84 However, that methodology was unsuccessful in the synthesis of the vicinal tricarbonyl portion of the immunosuppressant macrocyclic lactone FK-506, shown in Scheme 34, unless BSA was present. 85 The BSA functions to remove the hydrogen chloride liberated in the coupling reaction and in that case the required product was obtained in a 91% yield. A number of methods are available for the oxidation of the coupling products to tricarbonyl compounds.
The Formation of Amides in Reactions with Stabilised Carbenium Ions
It is perhaps somewhat unusual to find that amides and BSA can function as soft nucleophiles in reactions with sterically unencumbered stabilised carbenium ions. However, there are a number of interesting examples where amides are captured and where reactions involving even BSA itself result in the formation of amides. Ninhydrin reacts with allyltrimethylsilane and trimethylsilyl triflate in acetonitrile to give the expected 2,2-bis(trimethylsilyloxy)indane-1,3-dione but using chlorotrimethlysilane indane-1,2,3-trione is the product. Using BSA the reaction takes yet another course and the major product was shown to have incorporated an acetamido residue as a result of BSA or N-trimethylsilylacetamide functioning as a nucleophile. A sequence that accounts for the reaction of ninhydrin with BSA is shown in Scheme 35. 86 Presumably the dehydration of ninhydrin also proceeds by way of the oxonium ion shown in Scheme 35 but in that case the chloride ion that is present in the reaction mixture regenerates chlorotrimethylsilane to give the thermodynamic product, indane-1,2,3-trione. The conversion of glucose pentaacetate into the 2-amido-sugar, shown in Scheme 36, is also explamed as proceeding via an oxonium species, the BSA functioning to recycle the trimethylsilyl triflate. 87 surements established that both of the N-H protons had been replaced during the first step and in a reaction using t-butyldimethylsilyl triflate the N-t-butyldimethylsilyl lactam was isolated in 88% yield.
The intermolecular reaction between BSA and the acyliminium ion generated as shown in Scheme 38 has been studied and gave the two products with a diastereoselectivity of ca. 2.7:1. 89 That attack by nitrogen on soft electrophilic centres is favoured over attack by oxygen is also shown in the reactions of BSA with arylisocyanates and arylisothiocyanates. 90 Moharem T. El Gihani, Harry Heaney SYNTHESIS 366
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Direct evidence that silylamides can interact with soft carbenium ions has been established during a study of iodolactam formation using for example the amide shown in Scheme 37. 88 Treatment of endo-5-norbornene-2-carboxamide with trimethylsilyl triflate (2.2 equivalents) followed by reaction with a solution of iodine in THF and aqueous workup gave the iodolactam. Spectroscopic meaThe oxophilicity of silicon reagents has been utilised in an interesting series of reactions in which b,g-epoxysulfanyl ethers are converted into the related thiiranium species which then undergo ring opening reactions involving nucleophilic attack by either BSA, exemplified in Scheme 39, or TMS-N-methylacetamide.
Reactions of the Anion from Bis(trimethylsilyl)acetamide
The deprotonation of BSA using lithium diisopropylamide was used to generate the protected acetamide enolate ion for use in the synthesis of the dienone shown in Scheme 40. 92 It has been shown subsequently that the same product can be prepared by the reaction of the anion, generated by the interaction of butyllithium with BSA, with 2,6-dibromo-1,4-benzoquinone. 93 The anion has also been used in reactions with a number of carbonyl compounds including benzophenone which gave the expected 3-hydroxy-3,3-diphenylpropanamide in 96% yield. 94 
Metal-Catalysed Allylic Substitution Reactions
One of the most important areas of synthesis where the use of BSA has been crucial has undoubtedly been that involving transition metal catalysed nucleophilic substitution reactions of allylic ethers and esters. A number of valuable reviews are available. 100 Not only have intramolecular reactions been investigated and shown to be of considerable value in synthesis but also stereochemical control in both intra-and intermolecular reactions has been widely studied and a detailed understanding of the reactions has emerged. The problem of C-versus O-alkylation of b-oxo esters has been one of the more important issues to be solved using p-allyl metal complexes, The formation of cyclopentanone derivatives using palladium-catalysed cyclisation of allylic ethers is exemplified in Scheme 43. 101 But some other b-oxo esters, such as that shown in Scheme 44, are noted for their tendency to Oalkylate even when using tetrakis(triphenylphosphine)palladium. On the other hand the allylic enol ether underwent smooth isomerisation to the prostaglandin A 2 intermediate using the diphos-palladium complex [(dppe) 2 Pd] in the presence of BSA. 102 In the latter case hydrolysis and decarboxylation accompanied the rearrangement reaction in the absence of BSA. Since that report BSA has been a frequent component of the reaction mixtures involved in allylic substitution reactions.
The constitution of the nucleophile clearly has an important part to play in the reactions. For example a reaction of the cyclic allylic acetate with the sodium salt derived from bis(phenylsulfonyl)methane [Scheme 45] resulted in a loss of stereochemical integrity. 103a On the other hand, similar reactions using the anions derived from dimethyl 
Reactions of Phosphorus Compounds
A number of papers report the conversion of chlorophosphites, dichlorophosphites, and their thio-analogues into trimethylsilyl derivatives. 95 The reaction between bromodifluorophosphine and BSA at -80°C results in the formation of an unstable product with a P-N bond together with bromotrimethylsilane. 96 Nucleoside phosphonates have been converted into the related bis(trimethylsilyl) phosphites by treatment with BSA. Subsequent reaction with an acyl chloride and triethylamine then rapidly affords the corresponding acyl phosphonate. 97 The Michael addition of phosphonous acids and esters by way of intermediate alkyl silyl phosphonites has been used [Scheme 41] in the preparation of phosphinic acids. 98 A similar principle has been used in a potential route to antiviral phosphonoformate pro-drugs. 99 Bis(4-acyloxybenzyl) phosphites were converted into trisphosphites as exemplified in Scheme 42 prior to reaction with phenyl chloroformate. 99a malonate or methyl (phenylsulfonyl)acetate were shown to give products with clean retention of configuration. Reactions involving bulky nucleophiles evidently proceed more slowly than those using smaller anions and hence provide an opportunity for scrambling of the stereochemistry of the starting material involving a number of mechanistic possibilities. One possibility is that intramolecular syn-redelivery of acetate may occur from within the palladium complex before trans-attack by the anion derived from bis(phenylsulfonyl)methane can occur. Evidence in favour of that mechanism [Scheme 46] was provided by isomerisation of the Z-acetate to a mixture of E-and Z-acetates when the Z-acetate was heated under reflux in THF with tetrakis(triphenylphosphine)palladium.
103b The analogous reaction of the lactone, shown in Scheme 47, should proceed in a stereohomogeneous manner and this was found to be the case. Alternatively, the displacement of palladium(II) by another palladium(0) complex would also effectively produce a third inversion of the stereochemistry in the final product. It is significant that the molybdenum-catalysed reaction shown in Scheme 48 gave a 1:1 mixture of the cis-and trans-products when the anion from the b-oxo ester was generated using sodium hydride. On the other hand the reaction exhibited excellent chemoselectivity and a clean net retention of configuration in the presence of BSA. 104a This latter result demonstrates the ability of BSA to stop the scrambling of the stereochemistry of the starting material which results from attack by acetate at either end of a 'symmetrical' pallyl metal complex. These results also imply that inversion of stereochemistry occurs at each of the two stages. Another possibility that was considered was that BSA functions as a ligand in the molybdenum-catalysed reactions. 104b We should note, however, that there is one report where a molybdenum-catalysed allylic substitution reaction involving dimethyl malonate in the presence of BSA most probably proceeds by a mechanism involving double retention of stereochemistry. 105 It is believed that the normal double inversion process fails both in the formation of the h 3 -allyl complex and in the subsequent nucleophilic displacement because of hindrance in the bicyclic system involved to attack from the endo face.
Reactions of soft nucleophiles generated from Schiff bases derived from glycine and alanine esters together with allylic carbonates and either palladium or molybdenum catalysts, have been used in a route to g,d-unsaturated a-amino acids. 106 A number of different bases were used including BSA in the case of molybdenum catalysis. Sodium hydride or BSA have also been used in a highly stereoselective route to peptide double bond isosteres that used palladium catalysis and Boc-protected b-aminoallylic acetates together with a number of different nucleophiles, including diethyl malonate and methyl (phenylsulfonyl)acetate. 107 The high stereoselectivity was ascribed to an interaction of the carbonyl oxygen of the Boc protective group and the palladium. Regioselective palladium catalysed reactions of tetraethyl methylenebis(phosphonate) with a number of allylic acetates have been reported. 108 The regioselectivity between a primary versus a secondary terminus or a secondary versus a tertiary terminus of the p-allylpalladium intermediate demonstrates that the nucleophile is sterically demanding, like those derived from bis(sulfones). Some isomerisation of the E-to Z-alkene probably results from the bulky nature of the nucleophile which slows down the rate of the alkylation step. Selectivity between mono-and bisallylation was shown to be dramatically influenced by the method used to generate the nucleophile. When sodium hydride was used to prepare the nucleophile dialkylation predominated, whereas when reactions were carried out in the presence of BSA the major products resulted from monoalkylation as shown in Scheme 49. The effect of steric demand of the nucleophile has also been recorded in palladium-catalysed reactions of 3-acetoxy-alk-1-enylphosphonates in a route to phosphono-substituted aamino acids. 109 It is worth noting that although the reactions were uniformly successful when using ethyl diphenylmethyleneaminoacetate as the nucleophile, as exemplified in Scheme 50, an attempted reaction using ethyl 2-(diphenylmethyleneamino)propanoate as the potential nucleophile was unsuccessful.
action by nmr spectroscopy revealed that the b-oxo ester was rapidly converted into its enol trimethylsilyl ether and we may conclude that desilylation by acetate ion generates the nucleophilic anion which is rapidly consumed by the p-allyl catalyst system. The 1,3-allylic diacetate derived from 2-(hydroxymethyl)prop-2-en-1-ol also gave the monoalkylation product in an analogous reaction using BSA. 113 It is of interest to note that bicycloannelation resulted from the reactions of those substrates when carried out in the presence of DBU. This latter finding shows that while deprotonation of the ketone produced in the first step [Scheme 52] by DBU is effective, BSA is not a strong enough base to generate a nucleophile. Carrying out reactions of allylic esters in the presence of molybdenum hexacarbonyl but in the absence of a nucleophile leads to the possibility of proton abstraction from the p-allyl-metal system. It was found that when a solution of an allylic acetate was heated in toluene with BSA and 15 mol% of molybdenum hexacarbonyl, diene formation occurs. 110 That strategy was used as a key step in a synthesis of trichonine starting with stearyl aldehyde, 110a in one route to natural insecticidal amides, 110b and in a synthesis of S-(-)-ipsenol from lactic acid.
110c Reactions of allylic-1,1-diacetates lead to the possibility of replacing one or both of the acetate residues by a nucleophile. The 1,1-diacetate derived from cinnamaldehyde gave the product derived by the replacement of one acetate group in 91% yield when using dimethyl methylmalonate as the nucleophile together with the palladium catalyst tris(dibenzylideneacetone)dipalladium-chloroform complex [(dba) 3 Pd 2 ·CHCl 3 ] and dppe in the presence of BSA. On the other hand a reaction using dimethyl malonate gave the product that results from the elimination of acetic acid from the first substitution product as shown in Scheme 51.
111 Reactions of methallyl-1,1-diacetate with a number of b-oxo esters, exemplified in Scheme 52, gave the monoalkylation products that result from attack at the less hindered end of the p-allyl system. 112 We should note that the yield in the reaction illustrated increased from 41% after 0.5h to 86% after 29h. In addition, monitoring the re-
The idea of using a bis(silyl)allylic acetate as a dipolar equivalent where the acetate serves to generate a cationic reagent and the C-silyl derivative functions as a nucleophilic carbon is an interesting principle. The possibility of carrying out allylic substitution reactions in the presence of silicon has been shown to be successful using molybdenum catalysis in the presence of BSA as shown in Scheme 53. 114 This is in contrast to palladium catalysed reactions where substantial or complete desilylation resulted. The bis(silanes) are valuable intermediates in connection with the synthesis of dienes by using their reactivity towards aldehydes. The reaction of 3-acetoxy-2-trimethylsilylbut-1-ene with tetrakis(triphenylphosphine)palladium results in the formation of 2-trimethylsilylbuta-1,3-diene which dimerises under the reaction conditions. A similar reaction carried out using molybdenum hexacarbonyl in the presence of BSA and methyl acrylate resulted in the capture of the intermediate diene in a Diels-Alder reaction.
Allenyl acetates have also been investigated. The palladium-catalysed alkylation of sodium dimethyl malonate using the silylated allene acetate in the presence of BSA was assumed to proceed via the silyl ketene acetal as shown in Scheme 54. 116 The silylation step was found to be necessary because of the sensitive nature of allenyl acetates.
High enantioselectivity was reported for the alkylation of pentane-2,4-dione when the 1,3-diphenylallyl system was introduced as a test substrate using BINAP and BINAPO [binaphthyl(O-PPh 2 ) 2 ] together with (dba) 3 Pd 2 · CHCl 3 as catalysts in the presence of BSA. 120 Reactions involving dimethyl methylmalonate [Scheme 58] have also been reported to give moderate to good ee's using either (-)-or (+)-BINAP together with (dba) 3 119 in the latter case using bis(diphenylphosphino)propane (dppp) as the ligand. Rather long reaction times were reported for those cyclisation reactions.
Additional catalyst systems have been devised that are built on the success obtained using C 2 symmetric BINAP based catalysts, including a planar chiral ferrocene derivative. 122 Other examples have addressed the effect of the bite angle in the palladium complex including an example where the angle is increased as a result of the formation of a 13-membered ring complex. 123 A potential tridentate ligand has been investigated but it was found to be no better than a related bidentate ligand. 124 Azasemicorrin and bis(oxazoline) ligands have also been investigated. 125 High enantioselectivities were observed in palladium-catalysed reactions of 1,3-diphenylprop-2-enyl acetate using dimethyl malonate in the presence of BSA. The introduction of an important change to the experimental protocol involved the addition of a catalytic quantity of potassium acetate to the reaction mixture and the best result in that early study was obtained using a catalyst derived from the aza-semicorrin ligand shown in Scheme 59. 126 Using those reaction conditions the allylic acetate was converted to the product shown in essentially quantitative yield and high ee in dichloromethane in a reasonable period of time even at 4°C. 126 In a more recent study the bis(oxazoline) shown in Scheme 60 has been shown to give a very high enantioselectivity in the reaction of 1,3-diphenylprop-2-enyl acetate using dimethyl malonate in the presence of potassium acetate and BSA. 127 The use of potassium acetate as an added catalyst is advantageous in reactions involving a wide range of carbon nucleophiles. If we assume that the BSA does not convert the dimethyl malonate into its related silyl ketene acetal we may conclude that the catalytic activity of the potassium acetate serves to initiate the generation of a dimethyl malonate nucleophile, as shown in Scheme 2, after which the acetate liberated from the substrate continues the cycle by generating the nucleophile and simultaneously being removed from the reaction mixture as the ester, trimethylsilyl acetate. An identical cyclical mechanism has also been postulated in a recent review.
Despite these results a large amount of effort has been devoted to the design and exploitation of non-C 2 symmetric ligands and important advances in our understanding of these important reactions have resulted. Because the nucleophile adds from the face of the h 3 -allyl unit that is on the side opposite to the metal-chiral ligand portion of the complex it is evident that the complex as a whole must be desymmetrised in order that high enantioselectivity results. A number of solutions to this problem have been proposed, but the most successful have concentrated on ligands designed to produce an electronic desymmetrisation as a result of having a bidentate ligand with different donor atoms. 129 The results of highly enantioselective reactions of 1,3-diphenylprop-2-enyl acetate using dimethyl malonate involving the ligand shown in Scheme 61 were published almost simultaneously by three research groups. 130 Other ligands have been synthesised in order to evaluate enantioselectivity effects in the same model reaction using BSA and potassium acetate to generate the nucleophile. 130a, 131 Enantioselectivities have been reported using other nucleophiles such as bis(phenylsulfonyl)methane, 132 pentane-2,4-dione, 130a diethyl acetamidomalonate, 130a and the example shown in Scheme 62 which demonstrated good diastereoselectivity as well as excellent enantioselectivity. 133 Results using other substrates such as 3-methylbut-2-enyl acetate 134 and pent-3-en-2-yl acetate 135 have been reported. It is clear that the BSA methodology cannot be used with potential nucleophiles that form trimethylsilyl derivatives which would not give an anion to interact with the electrophilic palladium complex. In those cases, such as amines and protected amines, sulfonamides, hydrazines, and nitroalkanes, the anions are prepared by alternative procedures, involving deprotonation. 136 A reaction of 1,1,3-triphenylprop-2-enyl acetate with dimethyl malonate using the BSA-potassium acetate-ligand technology resulted in a high chemical yield (94%) but a lowered enantioselectivity (ee 68%), presumably because the slower reaction resulted in some scrambling of the substrate as a result of re-attack by acetate. 137 A discussion of the origins of the enantioselectivity in systems that do not proceed via symmetrical intermediates has been presented. 137b Allylic substitution reactions using cyclic allylic acetates and ligands that work efficiently with acyclic allylic acetates have been shown to give almost racemic products. However, when the phosphorus in the ligand was also a stereogenic centre improved results were obtained as shown in Scheme 63. 138 Remarkably, the ee was considerably improved in each of a series of reactions involving a range of cyclic allylic acetates and the lithium salt of dimethyl malonate in the absence of BSA. It would be of interest to establish whether the BSA protocol would be improved by using lithium acetate in place of potassium acetate. 127 The results obtained are exemplified in Scheme 64. In the reaction shown the two regioisomers were obtained in the ratio 99:1 in favour of the (R)-product but as is predictable, when using the enantiomer of the ligand shown the ratio was reversed. Using an achiral ligand the two products were again obtained in an almost 1:1 ratio and again were enantiomerically pure. These results strongly support a mechanism where double inversion occurs without enantioface exchange. Crystallographic studies of a palladium allyl complex of a bis(oxazoline) ligand established that the palladium carbon distances were not identical and the results were supported by nmr studies in solution. 127 omer. 139 Reactions that were terminated before completion established that the recovered 1,3-diphenylprop-2-enyl acetate was still racemic. In the same study 139 the authors showed that a significant variation in the turnover rate in different solvents was found for the reaction of 1,3-diphenylprop-2-enyl acetate with dimethyl malonate in the presence of BSA. In addition it was also shown that the enantiomeric excesses varied between 67 and 98% depending on the system used. It is clear that, in the absence of BSA, the enantioselectivity is complicated by the potential for aggregate formation using metal salts. Only in the case of reactions carried out in the presence of crown ethers was a dramatic improvement in ee observed.
There are two clear conclusions relating to the use of BSA in the allylic substitution reactions. They both have an effect on the control of stereochemistry. First, that a low steady-state concentration of nucleophile is ensured that removes many of the problems associated with preformed salts, including for example a lowering of the turnover rate. Secondly, the concentration of carboxylate anion is significantly reduced by reaction with BSA that results in trimethylsilyl ester formation. The presence of carboxylate ion can result in re-attack on 'symmetrical' palladium complexes at either end with the effect of reducing stereochemical control.
Conclusions
It is clear that there have been a very large number of reports of the use of the reagents for the protection of functional groups, particularly in the case of BSA. A significant number of the many references in the literature relate to reactions with alcohols and phenols and only a representative selection is reported in this review. What is equally clear is that the use of BSA and BSU as reagents in their own right has emerged in recent years and it will be no surprise if new examples continue to be discovered.
We thank Professor Andreas Pfaltz for his helpful comments on the manuscript and especially for bringing to our attention reference 128.
Scheme 64
Dimethyl 2-[(R,E)-1-(4-Methylphenyl)-3-phenylprop-2-enyl]propanedioate: 127 A 30 mL ampoule equipped with a stirring bar and a Young-valv, under N 2 , [{Pd(h 3 -C 3 H 5 )} 2 ] (2.34 mg, 6.4 mmol, 1.1 mol%) was treated with (R,R)-2,2¢-(1-methylethylidene)bis(5-benzyl-4,5-dihydrooxazole) (6.34 mg, 17.5 mmol, 2.9 mol%) in THF (0.7 mL). The solution was degassed (three freeze-thaw cycles) and the ampoule sealed at 0.01 Torr. After stirring at 50°C for 2 h, the ampoule was opened under N 2 and the solution was treated sequentially with (S)-1-(4-methylphenyl)-3-phenylprop-2-enyl acetate (155 mg, 0.58 mmol) in THF (2.2 mL), dimethyl malonate (231.5 mg, 1.75 mmol), BSA (356 mg, 1.75 mmol), and potassium acetate (2 mg) and then degassed (three freeze-thaw cycles). The ampoule was resealed (0.01 Torr) and the solution was stirred at room temperature for 48 h after which the mixture was diluted with Et 2 O and then extracted with two portions of ice-cold sat. aq NH 4 Cl. Drying (MgSO 4 ), evaporation, and flash chromatography (silica gel, 4 ´30 cm, hexane-EtOAc 3:1) afforded the product as a colourless oil (185.7 mg, 94.3%).
Another nmr study, using the QUINAP phosphorus-nitrogen ligand system, showed that, in the case of the (E,E)-1,3-diphenylallyl complex, two diastereomeric complexes were observable and that the enantioselectivities obtained in reactions with nucleophiles are best explained if the reactions proceed by way of late transition states with the nucleophile attacking trans to the phosphorus atom of the ligand and preferentially on the predominant diastere-
